Abstract. Hemorrhagic fever with renal syndrome (HFRS) is a serious public health issue in Far East Russia. Two different hantaviruses were isolated from rodents captured in the Khabarovsk region: Amur virus (AMRV; Khekhtsir/ AP209/2005 strain from Apodemus peninsulae) and Hantaan virus (HTNV; Galkino/AA57/2002 strain from A. agrarius). Genetic analysis of the new isolates revealed that the M and L segments were apparently different between AMRV and HTNV, but S segments of the two viruses were closer. The antigenicities of AMRV, HTNV, and Seoul virus (SEOV) were differentiated by cross-neutralization. Serological differential diagnoses of 67 HFRS patients in the Prymorsky and Khabarovsk regions of Far East Russia were conducted using a neutralization test. The results revealed that the major cause of HFRS varied with location in Far East Russia: SEOV for Vladivostok city in the Prymorsky region, AMRV in rural areas of the Primorsky region, and probably HTNV for the Khabarovsk region.
INTRODUCTION
Hantaviruses are the causative agents of hemorrhagic fever with renal syndrome (HFRS) and hantavirus pulmonary syndrome (HPS) in humans. 1, 2 Rodents and Soricomorpha species are natural reservoirs of these viruses, and humans acquire infection by inhaling the excreta of infected animals. Hantaviruses are classified in the genus Hantavirus within the family Bunyaviridae, and they possess a genome composed of three negative-stranded RNA segments. The small (S), medium (M), and large (L) genome segments encode nucleocapsid protein (N), two glycoproteins (Gn and Gc), and RNA polymerase, respectively. 3 Each rodent-borne hantavirus has its own host, and more than 40 species of hantaviruses have been identified. 4, 5 Some rodent-borne hantaviruses cause HFRS or HPS and are considered to be important zoonotic agents in various countries around the world.
About 20,000-50,000 cases of HFRS are reported annually worldwide, and large proportions of the infections are from the East Eurasian continent, including China, Korea, and Far East Russia. [6] [7] [8] Hantaan virus (HTNV) and Seoul virus (SEOV) are known to cause severe and mild forms of HFRS in the Eastern Eurasian Continent, respectively. 2, 9, 10 HTNV is carried by the striped field mouse, Apodemus agrarius, which preferentially inhabits grass and rice fields. Thus, humans seem to acquire HTNV infection primarily in fields. However, SEOV is carried by the brown rat, Rattus norvegicus, and the black rat, R. rattus, which are peridomestic rodents. Thus, humans tend to become infected with SEOV in cities and close to dwellings. 8, [11] [12] [13] [14] Recently, Amur virus (AMRV; also known as Soochong virus) was identified in the Korean field mouse A. peninsulae and in HFRS cases in China, Korea, and Far East Russia. [11] [12] [13] 15, 16 Thus, AMRV should also be considered as one of the causative agents of HFRS in East Asia and Far East Russia. Morbidity of HFRS is 1.9 per 100,000 population, and about 100-200 HFRS cases are reported annually in Far East Russia. 17 In addition, seroprevalence in healthy residents in Khabarovsk and Primorsky regions is about 2.4% and 2.7%, respectively. 18, 19 Despite the basic epidemiological information, an etiological analysis of HFRS has not been carried out in this region because of the close antigenicities between the viruses. Usual serological methods, such as indirect immunofluorescent antibody assays, cannot differentiate the infections caused by AMRV and HTNV. Additionally, genetic or antigenic information about the viruses circulating in the region remains extremely limited.
In the present study, we successfully isolated HTNV and AMRV from A. agrarius and A. peninsulae, respectively, in Far East Russia. Furthermore, the genetic and antigenic properties of these isolates were compared with the properties of other hantaviruses. Additionally, a serological differential diagnosis of HFRS patients in the Primorsky and Khabarovsk regions of Far East Russia was performed using a neutralization test to distinguish HTNV, AMRV, and SEOV infections.
MATERIALS AND METHODS
Rodent survey. Epizootiological surveys targeting rodents were conducted in Khekhtsir, about 20 km south from Khabarovsk, and Galkino, about 20 km east from Khabarovsk, Russia, in 2002 and 2005, respectively. Animals were captured using live traps set in forests and fields at these survey locations. Live animals were killed by cardiac puncture under anesthesia by ether inhalation, and serum was separated from the collected blood. From dead animals, blood samples were collected using filter paper. The paper was air-dried and immersed in a 10 + volume of phosphate-buffered saline (PBS) at 4 C overnight, and the supernatant was used as 10 + diluted serum. The sera were heat-inactivated at 56 C for 30 minutes and then stored at À40 C until use. The lungs were collected from all rodents and stored at À80 C until use.
Human sera. Sera from 67 HFRS patients in the Khabarovsk and Primorsky regions, Russia, from 1965 to 2002 ( Figure 1 ) were tested for neutralizing antibodies to hantaviruses. These sera were heat-inactivated and stored at À40 C until use.
Patient sera were collected with the informed consent of the patients. All experiments using patient sera were approved by the Ethics Committee of Hokkaido University and were performed in a BSL-3 laboratory at the Graduate School of Veterinary Medicine, Hokkaido University.
Cells and media. Vero E6 cells (No. CRL-1586; ATCC, Manassas, VA) were maintained in minimum essential medium with Eagle's salts (MEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 IU/mL penicillin G, and 100 µg/mL streptomycin.
Indirect immunofluorescent antibody assay. For the detection of antihantavirus antibodies in wild rodents, immunofluorescent antibody assay (IFA) was carried out as described previously. 8 Vero E6 cells were infected separately with HTNV 76-118, 20 Bao14, 21 AMRV H5, 22 SEOV SR-11, 23 or PUUV Sotkamo, and the infected cells were fixed using cold acetone on 24-well slides. Wild rodent sera, including sera from dead animals, diluted 1:16 with PBS were spotted onto the slides and incubated at 37 C for 1 hour. The slides were washed three times with PBS, and then, Alexa Fluor 488 goat anti-mouse immunoglobulin G (IgG; Invitrogen) was applied on the slides. After 1 hour of incubation and washing, the cells were observed under a fluorescence microscope. Scattered and fine granular fluorescence in the cytoplasm of Vero E6 cells was considered to indicate a positive reaction. Positive samples were further tested to determine IFA titer, which was the reciprocal of the highest serum dilution giving the positive reaction.
For the detection of hantaviral antigens in Vero E6 cells, the inoculated cells on 24-well slides were visualized using a monoclonal antibody E5/G6 to hantavirus N 24 and Alexa Fluor 488 goat anti-mouse IgG.
Reverse transcription polymerase chain reaction. Total RNA from lung tissue of rodents or Vero E6 cells was extracted using ISOGEN (Nippon Gene Co.). Purified total RNA (5 µg) was reverse-transcribed using Superscript II RNase H reverse transcriptase (Invitrogen) and random primers (Invitrogen) according to the manufacturer's protocol. All segments of hantaviruses were amplified by polymerase chain reaction (PCR) using Platinum Taq DNA polymerase Hi Fidelity (Invitrogen). The thermal conditions for PCR were 94 C for 2 minutes followed by 35 cycles of 94 C for 30 seconds, 50-60 C (depending on the primer used) for 30 seconds, and 68 C for 2 minutes. To detect hantavirus RNA from wild rodents, primers AMR595SFw (5 -agcatgaaggcagaagagat-3 ) and Bao14_840SRv (5 -ctgccgtaggtagtccctgt-3 ) were used to detect HTNV, and primers AMR595SFw and AMR1252SRv (5 -ctctgtgctagtgttctcaa-3 ) were used to detect AMRV.
Virus isolation. The method of hantavirus isolation has been described previously. 25 Lung tissue from both hantavirus antibody-and RNA-positive wild rodents was selected for inoculation in Vero E6 cells. Lungs of A. agrarius and A. peninsulae were homogenized in MEM using a cold pestle, mortar, and sea sand. Part (10%) of the homogenate was centrifuged (2,000 + g for 5 minutes), and each supernatant was inoculated in Vero E6 cells grown in a 25-cm 2 flask by centrifugation (670 + g) for 1 hour at room temperature. After the inoculum was discarded, the cells were cultured at 37 C in a 5% CO 2 incubator and then subcultured after a 14-day interval. At subculture, some cells were collected and spotted on 24-well slides at 37 C for 4 hours in 5% CO 2 . The slides were fixed with cold acetone and used as antigen slides for IFA. The remaining collected cells were examined for hantaviral RNA by reverse transcription (RT)-PCR as described above.
Sequencing hantavirus genes. The open reading frames (ORFs) of all segments of newly isolated hantaviruses were amplified using specific primers. PCR products were extracted and purified from agarose gels using the Wizard SV Gel and PCR Clean-Up System (Promega, Fitchburg, WI) and sequenced directly using the BigDye Terminator (version 3.1) Cycle Sequencing Kit and an ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol.
Genetic analysis. Hantavirus nucleotide and amino acid sequences were compared using Genetyx-mac (version 10.0; Genetyx Corp., Tokyo, Japan) for calculating nucleotide and amino acid identities among hantaviruses. MEGA 4 (available at http://www.megasoftware.net/mega.html) was used to generate multiple alignments. A GTR++I model was selected as the best probability model of Bayesian phylogenetic tree of each hantavirus genome segment by MrModeltest software (version 2.3). 26 Phylogenetic trees were drawn using MrBayes (version 3.1.2). 27 Two independent, parallel Markov chain Monte Carlo Metropolis coupling (MCMCMC) analyses, each with four chains (three heated and one cold), were computed for 0.7-1.5 million generations, with tree sampling every 100 generations. A burn-in period of 175,000-375,000 generations was discarded for each run before calculating consensus trees. After two runs of calculation, 10,500-22,500 trees were made, and these trees were used for generating the consensus tree. The sequences of hantaviruses determined in this study were downloaded from the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/) and are listed in Table 1 . Immune sera. Antisera to each hantavirus were obtained from hantavirus-immunized mice. Two-week-old BALB/c mice (SLC, Hamamatsu, Japan) were inoculated subcutaneously (s.c.) with 3,000 focus-forming units (FFUs) of two strains of newly isolated hantaviruses. At 70 days postinoculation (d.p.i.), mice were killed by cardiac puncture under anesthesia with sevoflurane, and the sera were collected. The sera were heat-inactivated and stored at À40 C until use.
All animal experiments were performed according to the Guidelines of Animal Experimentation of the School of Veterinary Medicine, Hokkaido University. All animal experiments were carried out in a biosafety level 3 animal facility.
Focus reduction neutralization test. The protocol for focus reduction neutralization test (FRNT) has been described previously. 28 Immune mouse sera were used to analyze serological relationships among newly isolated hantaviruses and other hantaviruses. Additionally, 67 human sera from HFRS patients in the Primorsky and Khabarovsk regions were used to identify the serotype of hantaviruses infection in each patient. Serially diluted samples (100 µL) were mixed with an equal volume of stock viruses (200 FFUs/100 µL), and these mixtures were incubated at 37 C for 1 hour in 5% CO 2 . The mixtures (50 µL/well) were inoculated onto Vero E6 cell monolayers grown in 96-well plates (Nalge Nunc, Roskilde, Denmark). After adsorption for 1 hour at 37 C, the inoculum was removed, and 150 µL MEM with 1.5% carboxymethyl cellulose (CMC-MEM) were layered onto the cells and incubated at 37 C for 4 days in 5% CO 2 . After incubation, the monolayers were washed with PBS, fixed with methanol, and air-dried. Foci of hantaviruses were immunostained with E5/G6 mAb and Alexa Fluor 488 goat anti-mouse IgG. Stained foci were counted under a fluorescence microscope. The neutralization titer was expressed as a reciprocal of the highest dilution that showed 80% inhibition of virus focus formation.
Statistical analysis. Statistical analysis for the comparison of the proportions of serotypes among HFRS patients living at different sites was performed using the χ 2 test. Haberman's residual analysis was conducted to examine which hantavirus was the major cause of HFRS in the Khabarovsk and Primorsky regions. 29 
RESULTS
Rodent survey. We captured 29 A. peninsulae in the forest of Khekhtsir close to Khabarovsk city in 2005 and Genetic analysis of hantavirus isolates. Nucleotide sequences covering the ORF of all segments from AP209 and AA57 were determined. The sequences determined and used in this study are listed in Table 1 .
The S segment of AP209 was quite similar to the segments of AMRV Solovey/AP61/1999 and Solovey/AP63/1999 that were detected from A. peninsulae in the Primorsky region, Russia (96.0-96.3% nucleotide identity and 99.3-99.8% amino acid identity) ( Table 3 ). The identities in the S segment between AP209 and AMRVs from North East China and Korea (H5, B78, and SC-1) were slightly lower (90.1-90.5% nucleotide identity and 98.8-99.5% amino acid identity) ( Table 3 ). The nucleotide identities of the S segment between AMRV and other hantaviruses such as HTNV, SEOV, and PUUV were much lower at 82.6-85.8%, 73.8-74.8%, and 63.9-64.3%, respectively. The M and L segments of AP209 were closest to the identities of AMRVs (M segment, 87.5-93.6% and 96.7-98.9%; L segment, 88.9-89.4% and 98.7-99.0% for nucleotide and amino acid identities, respectively) ( Table 3) among hantaviruses. Thus, isolate AP209 was identified as AMRV.
The nucleotide and amino acid sequences of all genome segments of AA57 were quite similar to the sequences of HTNV strain Bao14, which was isolated from an HFRS patient in Heilongjiang, China (S segment, 98.4% and 99.8%; M segment, 97.0% and 99.0%; L segment, 97.3% and 99.7% nucleotide and amino acid identities, respectively) ( Table 3) . Thus, isolate AA57 was identified as HTNV. Additionally, a comparison of the M segments between AA57 and hantavirus sequences from HFRS patients in the Khabarovsk region (KHB/HFRS/PAT#A2, KHB/HFRS/PAT#A3, and KHB/ HFRS/PAT#A12) 12 showed 96-99% identity at the nucleotide level. The nucleotide identities of the S, M, and L segments between AA57 and other HTNVs (76-118, A9, and Z10) ranged from 85.5% to 88.8%, from 84.0% to 87.6%, and from 83.3% to 88.0%, respectively (Table 3) .
Phylogenetic analyses of hantavirus S, M, and L segments were performed (Figure 2) . Previously, the work by Zou and others 30 described that the Hantaan superclade, including HTNV and AMRV, was divided into several lineages, and the S, M, and L segments of AMRV occupied lineages S6, M6, and L5, respectively. In the present study, the S, M, and L segments of AP209 clustered with AMRVs in lineages S6, M6, and L5, respectively, consistent with the results in the work by Zou and others. 30 AP209 was more related to AMRVs detected in the Primorsky region of Far East Russia, such as AP708, AP1371, AP1168, Solovey/AP61/1999, and Solovey/AP63/1999, than AMRVs from China and Korea. Although the M and L segments of AMRV clustered in distinct lineages from other HTNVs, the S segment of AMRV clustered within HTNV. The S, M, and L segments of strain AA57 clustered with HTNVs from the Primorsky region (AA1028, AA1719, and AA2499) and HTNVs from China (Bao14 and CGHu1), which consist of the Far East (FE) genotype within HTNVs. 13, 28 Interestingly, strain CGHu1 isolated from Guizhou, a southern province of China, also clustered with the FE genotype. HTNV lineages in S1 were divided into S1-a and S1-b sublineages according to their geographical origins: S1-a from Korea (76-118, CUMC-B11, and Maaji-2) and S1-b from Far East Russia (AA57, AA1028, AA1719, and AA2499) and China (Bao14 and CGHu1). The same clustering patterns were also observed with the M and L segments.
Antigenic characterization. The antigenic characterization of AP209, AA57, and other hantaviruses was performed using a neutralization test (Table 4) . Anti-AMRV mouse sera had more than fourfold higher titers against AMRV strains H5 and AP209 than those titers against HTNV and SEOV. Anti-AA57 mouse serum had a more than fourfold higher neutralization titer against AA57 compared with those titers against AMRVs and SEOV. These results indicate that the antigenicities of AMRV, HTNV, and SEOV are different and that the neutralization test may be useful in the differential diagnosis of HFRS caused by AMRV, HTNV, or SEOV in Far East Russia.
Serological analysis of patient sera. To examine the causative agents of HFRS in the Khabarovsk and Primorsky regions, the neutralization test was performed on a total of 67 HFRS patients who had IFA antibodies to hantaviruses (Tables 5  and 6 ). The hantavirus in each HFRS patient was determined as a certain virus giving a neutralization titer more than or equal to fourfold higher than the titer of other viruses (Tables 5  and 6 ). If the neutralization titer difference was less than fourfold, we considered the infected hantavirus of the sample to be untyped. If the neutralization titer was less than 1:20 for any hantaviruses, we regarded the sample as negative for hantavirus infection. Of 67 HFRS patients, 14, 13, and 15 were (Tables 5 and 6 ). All of 20 untyped sera in Khabarovsk region showed strong cross-reaction to AMRV and HTNV (Table 6 ). The seroprevalence of AMRV, HTNV, and SEOV in HFRS patients differed with each sampling site (χ 2 value ¼ 70.69, degrees of freedom [df] ¼ 6, P < 0.001). SEOV (60.0%; P < 0.001) and AMRV (81.8%; P < 0.001) were the major causative agents of HFRS in Vladivostok city and the rural areas of Primorsky region except Vladivostok, respectively (Table 5) . HTNV (35.5%; P < 0.002) may be one of the major causes in the Khabarovsk region (Table 6 ).
DISCUSSION
Previous investigations of HFRS patients in Far East Russia have revealed that AMRV, HTNV, and SEOV are causative agents of HFRS in this region. 12, 13 However, no complete Figure 2 . Phylogenetic consensus trees of hantaviruses based on nucleotide sequences covering the entire ORF of the S, M, and L segments. The trees were generated using MCMCMC analyses. The reliability of the tree was evaluated by the posterior probability value derived from MrBayes. The scale bar indicates 0.1 nucleotide substitutions per site.
etiological analysis of each HFRS patient to identify the infected hantavirus has been conducted. Because the biological properties of hantaviruses in this region have not been well-characterized, a differential diagnosis of infected viruses in HFRS is quite difficult. Thus, we isolated hantaviruses in Far East Russia and characterized the new isolates. Additionally, serological differential diagnoses were carried out on HFRS patients in this region to identify the virus in each infected patient.
Rodent surveys were carried out in rural areas of the Khabarovsk region, and we confirmed that HTNV and AMRV were maintained in A. agrarius and A. peninsulae, respectively, which we have described previously for hantavirus infection in rodents of the Primorsky region, Russia. 8, 11 These results indicated that HTNV and AMRV are distributed throughout Far East Russia.
We successfully isolated four strains of HTNV and one strain of AMRV. Among the isolates, HTNV strain AA57 from A. agrarius and AMRV strain AP209 were subjected to genetic and antigenic characterization. AA57 was genetically closely related to the sequences from HFRS patients in the Khabarovsk region 12 and Bao14, which was isolated from HFRS patients in China. Newly isolated AMRV AP209 from A. peninsulae was genetically closely related to the sequences from rodents and HFRS patients in the Primorsky region. These results indicate that HTNV and AMRV are the causative agents of HFRS in the Khabarovsk region. Although the M and L segments of AMRV and HTNV clustered in distinct lineages, the S segment of AMRV was included in HTNV. This observation was also reported in the work by Zou and others. 30 Previous reports of phylogenetic analysis have indicated that a natural reassortment occurred between HTNV and SEOV in China and among different lineages of PUUVs in nature. 31, 32 Additionally, dual infection with Sin Nombre virus and Black Creek Canal virus could produce reassortant viruses under experimental conditions. 33 Other reports have described that a recombination of the virus genome occurred in Dobrava virus and Saaremaa virus and in different lineages of Tula viruses in nature. 34, 35 Thus, it is feasible that some discontinuous mutation, such as reassortment, may have occurred between AMRV and HTNV as indicated between HTNV and SEOV in China. 32 In the cross-neutralization test using immune sera against HTNV, AMRV, and SEOV, the immune sera had fourfold higher titers against the homologous virus than the heterologous viruses. This result indicates that the cross-neutralization test is useful for the differential diagnosis of AMRV, HTNV, and SEOV infection in Far East Russia.
To obtain more information about HFRS etiology and epidemiology in Far East Russia, the neutralization tests were carried out using HFRS patient sera from the Primorsky and Khabarovsk regions. The results showed that AMRV (20.9%), HTNV (19.4%), and SEOV (22.4%) were the causative agents of HFRS in Far East Russia, and these findings are consistent with the results of previous reports. 13 However, the major cause of HFRS varied according to location. SEOV was the most common cause of HFRS in Vladivostok city in the Primorsky region (15/25) . In Vladivostok city, R. norvegicus and R. rattus may transmit SEOV to city residents (Table 5 ). Some patients in Vladivostok were infected with AMRV and HTNV (5/25 and 2/25, respectively). Russian people frequently visit vegetable gardens in rural areas called dachas to cultivate plants. Because A. peninsulae and A. agrarius may live in forests and fields near dachas, it is highly possible that people, including city residents, may acquire AMRV or HTNV infection close to dachas. Interestingly, in the rural area of the Primorsky region, most patients were infected with AMRV (9/11) ( Table 5 ). It is possible that people in this area may become infected more frequently with AMRV in forests that A. peninsulae inhabit. However, in the Khabarovsk region, HTNV may be the major cause of HFRS (Table 6 ). AMRV infection may occur in the Khabarovsk region, although no AMRV-specific antibodies were detected in this study. There are three possible explanations for negative results of AMRV-specific antibodies.
(1) Residents in Khabarovsk region may contact more frequently with A. agrarius than A. peninsulae. (2) Because of the similar antigenicity between AMRV and HTNV, AMRVinfected patients may produce antibodies cross-reacted to HTNV. Most patient sera from the Khabarovsk region were collected in late convalescent phase (Table 6 ), which may have influenced the results of neutralization test. (3) The possibility of dual infections with AMRV and HTNV cannot be ruled out. However, because A. agrarius and A. peninsulae preferentially inhibit grass field and forest, respectively, the possibility of the dual infection at the same time may be extremely low. In addition, consecutive infections of the two viruses may not occur, because patients infected with AMRV or HTNV can produce cross-neutralizing antibodies to the homologous and heterologous viruses. Additional studies should be conducted to develop a clear picture of HFRS epidemiology on a larger scale. Unfortunately, in some patients (25/71), we could not differentiate the infecting hantavirus. Serotype-specific conformational epitopes have been detected in the center and C-terminal regions of the N. 24, 36 Thus, a serotyping system using N-terminal truncated N could be a solution for the differential diagnosis of hantavirus infections. 37, 38 In conclusion, new isolates of AMRV and HTNV were characterized, and AMRV, HTNV, and SEOV infections were differentiated in HFRS patients of Far East Russia. The major cause of HFRS varied by location in the region: SEOV for Vladivostok city in the Prymorsky region, AMRV in the rural areas of the Primorsky region, and probably HTNV for the Khabarovsk region. Additional study is necessary to determine the risk factors of HFRS for each pathogenic virus in Far East Russia.
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